A nickel coated carbon fiber reinforced joint (Ti/NiCF/CFRP) was suggested and developed between carbon fiber reinforced epoxy polymer (CFRP) and titanium (Ti). The most important point of the new joint method are not only extremely large friction force by broad interface of carbon fiber with 6 µm-diameter, but also Ni-coating for suppression of TiC formation and enhancement of contact ability of fiber wrapped by molten Ti. The new joint part was strengthened by impregnated nickel-coated carbon fiber (NiCF) and exhibited the high Charpy impact value (a uc ). Since carefulness for aircraft parts would be necessary, the lowest impact value (a s ) was defined. It was calculated by the 3-parameter Weibull equation when the fracture probability (P f ) = 0. The a s of Ti/NiCF/CFRP was 2.2 kJ m
Introduction
Titanium and carbon fiber reinforced polymer (CFRP), 13) which are typical light structural materials not only to save the energy, but also to enhance the mobility of aircraft, have been already utilized for dream worthy mover machines as well as airplanes. Although the four joint methods of welding, blazing, rivet connecting and glue are useful, they often reduce the materials strength. CFRP has recently applied to not only wing, but also fan blades of turbo fan engines. To prevent impact force, leading edge of titanium is often mounted on the CFRP fan blades by adhesive force.
Utilizing titanium sheath partly surrounded by epoxy, the joint casting of compressor blades, as well as glue adhesion among different structural materials have been useful methods utilized for joining titanium parts to CFRP. If the Ti/CFRP joining with high strength can be developed, the high reliability, which corresponds to safety for airplanes, can be expected.
In order to enhance the joining strength, a new joining method with extremely large friction force by broad interface of carbon fiber with 6 µm-diameter (CF) has been suggested. 4) However, both TiC carbide formation and imperfect contact between CF and molten Ti are the serious problems. To solve them, the nickel was covered with the carbon fiber not only to prevent TiC formation, but also to enhance the contact area at CF/Ti interface. On the other hand, the dynamic fracture toughness evaluated by impact test is the most important factor to evaluate the resistance to bird strike of the aircraft. The purpose of the present work is to evaluate the effects of the new method of the nickel coated carbon fiber reinforced joint between CFRP and Ti (Ti/NiCF/CFRP) on the impact value.
Experimental Procedure

Sample preparation
A carbon fiber reinforced joint was successfully developed to join the carbon fiber reinforced light metals (CFRM) to the CFRP. 5, 6) The Ni interlayer surface skin film around carbon fiber (CF) was coated by DC-magnetron spattering device. The leak rate, residual gas pressure, argon gas sputtering pressure, sputtering potential, sputtering current and deposition rate were from 8 © 10 ¹6 to 1 © 10 ¹4 Pa·m 3 /s, below 1.5 © 10 ¹3 Pa, 5.0 © 10 ¹1 Pa, 300 V, 0.7 A and 30 µm/h, respectively.
The 1st step of the welding method was that the CF bundle was contacted and wrapped with molten titanium by capillary phenomena before solidification. The electron beam melting was performed by 10 kV potential and 15 « 5 mA current under 1.3 © 10 ¹3 Pa of residual gas pressure. The 2nd step was the welding method by focusing EBI with high potential at one side of the Ni coated carbon fiber bundle.
After solidification, the 3rd step was that other side of the CF bundle was dipped in the resin. The CF junction device was a CF reinforced composite material and probably acted as one of ideal joint of parts of CFRP/CFRM.
As shown in Fig. 1 , the samples of the nickel coated carbon fiber reinforced joint between CFRP and Ti (Ti/ NiCF/CFRP) for Charpy impact test were prepared. The sample length, width, thickness, CFRP length, Ti length and inserted fibers bundles were 70, 10, 3, 35, 35 and 7 mm, respectively. 
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In addition, Ti/epoxy joints with and without glue were also prepared.
Impact test
In order to evaluate the dynamic fracture toughness, the Charpy impact values were measured by using a standard impact fracture energy measurement system (JIS K 7077-1991) and Charpy impact machine (FC-3002, Fuji-Shikenn seisakusyo, Japan).
13) The morphology was observed by using a SEM (S-3200N, HITACHI). Composition distributions of carbon, titanium and nickel elements in matrix and those in carbon fiber were detected by using an EDS (EMAX5700W, HORIBA) and Electron probe micro-analyzer (EPMA-1610, 15 kV, 10 nA/Shimazu, Kyoto), respectively.
The X-ray diffraction was measured by using an XRD (Miniflex, Rigaku, Cu-K¡) on 10 ¹3 deg/s of scanning rate.
Results
Evaluating the probability of fracture (P f ) is a convenient method of quantitatively analyzing experimental values relating to fracture. P f is expressed by the following equation, which is a generalized form of the median rank method. Figure 2 shows changes in Charpy impact value (a uc ) of joints of Ti/NiCF/CFRP, Ti/Glue/Epoxy and Ti/Epoxy against fracture probability.
The a uc values of the new joint of Ti/NiCF/CFRP were 2.3, 2.8 and 5.5 kJ m ¹2 at low, middle and high P f of 0.04, 0.50 and 0.96, respectively. They were about 3, 2 and 2 times higher than those (0.65, 1.5 and 2.8 kJ m ¹2 ) of the adhesive sample of Ti/Glue/Epoxy.
Discussion
4.1 Effect of joining reinforcement of carbon fiber on the Weibull coefficient The 2-parameter Weibull coefficient (n) is one of the standard and traditional factors to compare with the database of structural materials. 8) When a uc is the measured Charpy impact value and a 0 is a constant, the fracture probability (P f ) as a function of the risk of rupture (a uc /a 0 ) is expressed by the following equation.
The linear relationship can be obtained as the following equation. Figure 3 shows Weibull plots of Ti/NiCF/CFRP, Ti/ Glue/Epoxy and Ti/Epoxy. Since the n value corresponds to the slopes of the relationships of Weibull plots, the steep slope (n) exhibits the high reliability with small experimental error. The n values are summarized in Table 1 . The high n value is found for Ni-coated carbon fiber reinforced joint. In brief, the new method improves the reproducibly over the other conditions.
As summarized in Table 1 , the n value of Ti/NiCF/CFRP is larger than those of Ti/Glue/Epoxy and Ti/Epoxy. The new joining method improved the reproducibly, which was indicated by Weibull coefficient (n) of a uc .
4.2
The lowest limit of impact value, a s estimated by three parameter Weibull equation On the other hand, since the experimental impact values at lower P f value have largely deviated from the linear relationship estimated by the two parameter Weibull eq. (2) in Fig. 3 , the practical impact value at low P f cannot be precisely obtained. When the statistical equation is assumed to be applicable to the measured a uc value, the P f value depends on the risk of rupture ([a uc ¹ a s ]/a III ). In predicting the required impact value of a new structural material, the lowest impact value (a s ), the 3-parameter Weibull coefficient (m) and constant (a III ) are key parameters. The linear relationship can be obtained as the following equation.
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While the a III is determined, when the term (ln[¹ln(1 ¹ P f )]) is zero, the a s value is defined as the a uc value when P f = 0 and represents the statistically lowest possible impact value for safety considerations and deems valuable for quality control. Figure 4 shows iteration of the potential lowest impact value ( e a s ) in the linear logarithmic form of eq. (4) to obtain the maximum correlation coefficient (F) corresponding to the a s (arrows in Fig. 4) showing high linear correlations from 0.972 to 0.990 whose linear relationships are plotted in Fig. 5 . Figure 2 also exhibits the lowest impact value (a s ), together with the experimentally obtained a uc at each P f . Although carefulness for aircraft parts would be necessary since Fig. 2 shows Ni coated carbon fiber reinforced joint appears to improve the a s remarkably from 0 to 2.2, and 0.35 to 2.2 kJ m
¹2
, respectively (see arrows in Figs. 2 and 4) .
The a s values of Ni coated carbon fiber reinforced joint is apparently higher than that without the reinforcement. Thus, the Ni coated carbon fiber reinforced joint is effective.
Major difference between the new and conventional joint methods is the Ni coated carbon fiber reinforcement. When the Ni-coating suppresses the carbide formation, the a ucimprovement can be explained by the high strength of carbon fiber (6 µm diameter) with stronger friction force at extremely broad interface. Figure 6 shows photograph of SEM and EDS mapping analysis of titanium, nickel and carbon in Ti side cross section of Ni-coated carbon fiber reinforced joint between CFRP and Ti (Ti/NiCF/CFRP), together with the integrated mapping signals of the three elements (RGB).
Morphological discussion
The Ni diffusion layer is observed at Ti/CF interface zone in Ti/NiCF/CFRP joint, although metallic elements cannot be precisely detected in carbon fibers. Based on the EPMA results, Ni and Ti atoms cannot be detected in carbon fibers. Figure 7 shows the XRD pattern of Ti side cross section of Ti/NiCF/CFRP joint.
Based on the XRD pattern results, the chemical compound of TiC has not been observed in the Ti/NiCF/CFRP sample. Therefore, we concludes that the Ni coating suppresses the formation of TiC in the Ti/NiCF/CFRP joint sample. Since molten titanium doesn't bite the carbon fiber, the Ni coated carbon fiber exhibits to maintain the high strength.
Conclusion
In order to improve the impact value, a joining method of carbon fiber reinforced epoxy polymer (CFRP) to titanium was successfully developed by using impregnated nickelcoated carbon fiber (NiCF).
(1) Formation of brittle TiC was not observed in the new joint of Ti/NiCF/CFRP. (2) The new joint Ti/NiCF/CFRP exhibited the high Charpy impact value (a uc ). They were 2.3, 2.8 and 5.5 kJ m ¹2 at low, middle and high fracture probabilities (4) Since carefulness for aircraft parts would be necessary, the lowest impact value (a s ) was defined and calculated by 3-parameter Weibull equation at P f = 0. The a s of Ni-coated carbon fiber reinforced joint was 2.2 kJ m ¹2 , which was apparently higher than those (0.34 and zero kJ m
¹2
) of joints with and without glue. Consequently, the new joint method using impregnated Ni coated carbon fiber, successfully developed in joining CFRP to titanium, remarkably enhanced the safety level (reliability). 
